The Thalamostriatal Pathway and Cholinergic Control of Goal-Directed Action: Interlacing New with Existing Learning in the Striatum  by Bradfield, Laura A. et al.
Neuron
ArticleThe Thalamostriatal Pathway and Cholinergic
Control of Goal-Directed Action: Interlacing New
with Existing Learning in the Striatum
Laura A. Bradfield,1 Jesus Bertran-Gonzalez,1 Billy Chieng,1 and Bernard W. Balleine1,*
1Brain & Mind Research Institute, University of Sydney, Camperdown, NSW 2050, Australia
*Correspondence: bernard.balleine@sydney.edu.au
http://dx.doi.org/10.1016/j.neuron.2013.04.039SUMMARY
The capacity for goal-directed action depends on
encoding specific action-outcome associations, a
learning process mediated by the posterior dorso-
medial striatum (pDMS). In a changing environment,
plasticity has to remain flexible, requiring inter-
ference between new and existing learning to be
minimized, yet it is not known how new and existing
learning are interlaced in this way. Here we investi-
gated the role of the thalamostriatal pathway linking
the parafascicular thalamus (Pf) with cholinergic
interneurons (CINs) in the pDMS in this process.
Removing the excitatory input from Pf to the CINs
was found to reduce the firing rate and intrinsic
activity of these neurons and produced an enduring
deficit in goal-directed learning after changes in the
action-outcome contingency. Disconnection of the
Pf-pDMS pathway produced similar behavioral
effects. These data suggest that CINs reduce inter-
ference between new and existing learning, consis-
tent with claims that the thalamostriatal pathway
exerts state control over learning-related plasticity.
INTRODUCTION
For goal-directed actions to remain adaptive in a changing envi-
ronment, animals have to exploit successful actions while
continuing to explore new strategies to capitalize on the shifting
environmental contingencies. Existing, well-learned solutions
can, however, often proactively interfere with new learning
(Dempster and Brainerd, 1995; Underwood, 1957), raising the
issue of how new behavioral strategies resist interference during
encoding (Rescorla, 1996). In brain areas such as the hippocam-
pus and frontal cortex, it has been suggested that the flexibility
that is required accurately to encode, for example, new routes
for navigation, novel categories, or paired associates, depends
critically on the modulation of plasticity by the cholinergic
innervation of these structures (De Rosa and Hasselmo, 2000;
Hasselmo and Bower, 1993; Hasselmo and Sarter, 2011; Yu
and Dayan, 2002). Thus, although acetylcholine and cholinergic
agonists suppress transmission at intrinsic fibers linkingpyramidal cells, they have little effect on the synaptic transmis-
sion at afferent fibers (Hasselmo et al., 1992; Linster et al.,
1999), suggesting that acetylcholine plays a role in cortical
neurotransmission through modulation of inhibitory plasticity in
recurrent networks (Bonsi et al., 2008; Vogels et al., 2011).
Various models of acetylcholine function have proposed,
therefore, that cholinergic activity reduces interference in asso-
ciative plasticity by creating a cellular tag for synaptic events
that occur in conjunction with acetylcholine release (Froemke
et al., 2007; Hasselmo and Bower, 1993). Consistent with these
views, changes in cholinergic activity do not affect initial learning
or retrieval and often only affect new learning induced in the
presence of that change (De Rosa and Hasselmo, 2000;
Hasselmo and Bower, 1993; Newman et al., 2012; Ragozzino
et al., 2009); as such, changes in synaptic plasticity appear to
depend on cholinergic tone and, in the absence of acetylcholine,
new learning is likely to be subject to interference from existing
learning, perhaps by increasing contextual uncertainty (Yu and
Dayan, 2002).
With regard to goal-directed learning, it is now well
documented that encoding the action-outcome associations
necessary for goal-directed action depends on the posterior dor-
somedial striatum (pDMS) (Shiflett et al., 2010; Yin et al., 2005a,
2005b). As revealed by various posttraining tests—most notably
tests of sensitivity to outcome devaluation—lesions, reversible
inactivation, or pharmacological blockade of plasticity in the
pDMS abolish the encoding of the action-outcome associations
that constitute goal-directed learning and that mediate choice
between distinct courses of action (Balleine and O’Doherty,
2010; Balleine et al., 2009). Previous research found evidence
from place learning studies suggesting that changes in stim-
ulus-outcome associations can cause acetycholine release in
the anterior DMS (Brown et al., 2010). It is not known, however,
what processes mediate new learning after changes in the ac-
tion-outcome contingency; the role that striatal cholinergic activ-
ity plays in new goal-directed learning; or, as goal-directed
learning depends on the posterior DMS and not the anterior
DMS (Yin et al., 2005b), whether new learning also depends spe-
cifically on thepDMS.Given the roleof acetylcholine inother brain
regions in reducing interference of this kind, however, one possi-
bility is that, rather than influencing initial action-outcome encod-
ing, cholinergic activity in the pDMS functions to integrate new
with existing learning when instrumental contingencies change.
In the face of cholinergic depletion, this account predicts,
therefore, that initial learning should be intact but that any newNeuron 79, 153–166, July 10, 2013 ª2013 Elsevier Inc. 153
Figure 1. Parafascicular Thalamic Neurons
Directly and Unilaterally Project to Dorso-
medial Striatal Territories
(A) Fluorescent signal recorded in the paraf-
ascicular thalamic nucleus (Pf) 4 days after injec-
tion of the retrograde tracer fluorogold in the DMS
(inset).
(B and C) Confocal higher-magnification images
showing fluorogold fluorescence in Pf contralateral
(B) or ipsilateral (C) to the DMS injection. D, dorsal;
L, lateral.
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will interfere with that initial learning and produce a loss of goal-
directed control. Here we sought to assess this hypothesis by
altering cholinergic activity in the pDMS both chronically, by
disconnection of the thalamostriatal pathway, and acutely, using
local pharmacological manipulations, and examining the effects
of these treatments on (1) initial acquisition of specific action-
outcome associations, (2) sensitivity to the selective degradation
of those action-outcome contingencies, and (3) the rats’ ability to
encode new action-outcome associations.
RESULTS
Parafascicular Nucleus of the Thalamus Regulates
Cholinergic Activity in the Posterior Dorsomedial
Striatum
Cholinergic interneurons (CINs) provide the main source of
acetylcholine in the striatum (Bolam et al., 1984; Contant et al.,
1996). Although they constitute only 3% of the neurons, they
ramify extensively, making cholinergic activity in the striatum
among the highest in the brain (Sorimachi and Kataoka, 1975).
Their activity can be influenced by a number of neuromodulators,
most notably dopamine and acetylcholine itself (Calabresi et al.,
1998; Threlfell and Cragg, 2011), although their activity is mostly
determined by excitatory glutamatergic afferents arising in
midline thalamic nuclei (Consolo et al., 1996a, 1996b; Lapper
and Bolam, 1992). Prior tracing studies suggest that the region
of midline thalamus containing the parafascicular thalamic
nucleus (Pf) projects massively and extensively throughout all
portions of the striatum (Descheˆnes et al., 1996; Groenewegen154 Neuron 79, 153–166, July 10, 2013 ª2013 Elsevier Inc.and Berendse, 1994). The specificity,
however, of Pf afferents to the pDMS—
the region we have previously shown to
be critical for the acquisition of goal-
directed learning in this species (Yin
et al., 2005b)—has not been explicitly as-
sessed. As a consequence, at the outset
of these experiments, we determined the
specificity of this pathway by infusing
the retrograde tracer fluorogold into the
pDMS and examining the extent of retro-
grade labeling throughout the thalamus.
We found only one area of labeling in the
midline thalamic nuclei localized to the
dorsal portion of the ipsilateral parafas-cicular thalamic nucleus (Figure 1A). Importantly, no labeling
was observed in the thalamus in the hemisphere contralateral
to the infusion (Figures 1B and 1C).
Next, we examined the effect of an NMDA-induced unilateral
cell body lesion of the Pf on the function of CINs in the pDMS ipsi-
lateral and the pDMS contralateral to the lesion. For this experi-
ment, 5- to 6-week-old rats (n = 18) were first given a unilateral
lesion of the Pf (Figure 2A). After 1 week, we took 300 mmcoronal
sections through the pDMS and, using a cell-attached configura-
tion of patch-clamp electrophysiology with least perturbation of
intracellular content, compared the spike frequency in CINs
located in the pDMS either ipsilateral or contralateral to the Pf
lesion (Figures 2B–2E). As we have done previously (Bertran-
Gonzalez et al., 2012), determination of CINs was based on their
well-described morphological and electrophysiological charac-
teristics (Bennett and Wilson, 1999), as well as post hoc bio-
cytin-labeled histochemistry (Figures 2C and 2D). Importantly,
we found that the frequency of action potentials was significantly
reduced in CINs recorded in the hemisphere ipsilateral to the Pf
lesion relative to those recorded in the contralateral hemisphere,
F (1,17,) = 26.09, p < 0.001, (Figure 2E, Table S1 available online).
To confirm that the lesion-induced reduction in firing rate was
specific to changes in the intrinsic activity of CINs, we used a
recently described means of measuring functionally relevant
changes in CIN activity based on fluctuations in phosphorylation
levels of the ribosomal protein S6 (S6rp) assessed by immunoflu-
orescence (Bertran-Gonzalez et al., 2012) (Figures 2F and
2G). We explored the state of phosphorylation of different
C-terminal residues of S6rp, an integrant of the ribosomal com-
plexmodulated in striatal neurons (Bertran-Gonzalez et al., 2012;
Figure 2. Effect of Parafascicular Thalamic Lesions on Cholinergic Interneurons of the Dorsomedial Striatum
(A) Rat Nissl-stained section showing unilateral NMDA excitotoxic lesions of the parafascicular nucleus (Pf).
(B) Anatomical localization of randomly selected cholinergic interneurons from unlesioned and lesioned cerebral hemispheres. Each circle represents a single
neuron sampled from electrophysiological recording.
(C) Example of cholinergic interneuron labeled with biocytin in the DMS.
(D) Cellular physiological characteristics of a recorded neuron under whole-cell patch clamp. Current-voltage relationship recorded by stepping the cell to various
hyperpolarizing membrane potentials is shown (top left). Under current-clamp configuration, whole-cell action potential (top right) and depolarization-triggered
action potential firing (bottom) were routinely sampled for comparisons with known CIN cellular characteristics.
(E) Frequency distribution plot showing basal action potential firing in cholinergic interneurons of lesioned and unlesioned hemisections.
(F) High-magnification confocal images showing p-Ser240-244-S6rp intensity in ChAT-immunoreactive neurons of the DMS ipsilateral (lesioned) or contralateral
(unlesioned) to the Pf lesion. A 16 pseudocolor palette (Lookup Table, LUT) highlights the intensity of p-S6rp fluorescence (display range: 0–4,096).
(G)Within-individuals quantification of p-Ser240-244-S6rp signal in ChAT-immunoreactive neurons of pDMS andDLS striatal territories ipsilateral or contralateral to
the Pf lesion. In scatterplots, each dot corresponds to one neuron; each color corresponds to a different animal.
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Figure 3. Parafascicular Thalamus Encodes Changes in Action-Outcome Contingencies
(A) Rats were trained on two-lever press responses, R1 and R2, to earn pellets and sucrose outcomes (O1 and O2, counterbalanced). For test, rats were sated for
1 hr on one outcome, i.e., O1 (1 hr), prior to a choice test, R1 versus R2. To induce new learning, we used contingency degradation then reversal, whichwas tested
using outcome devaluation and selective reinstatement tests. See Supplemental Experimental Procedures for a full description of these procedures.
(B) Rat Nissl-stained sections showing bilateral Sham or NMDA excitotoxic lesions of the parafascicular nucleus (Pf).
(C–I) Mean or percentage baseline rate of lever pressing (±1 SEM) during: acquisition of initial action-outcome contingencies averaged over levers (C), outcome
devaluation testing (D); acquisition of contingency degradation (E), contingency degradation testing in extinction (F), acquisition of the reversed contingencies (G),
outcome devaluation testing of the reversed contingencies (H), and reinstatement of reversed contingencies (I).
(J) Minimal (black) and maximal (gray) extent of NMDA-induced excitotoxic lesions of the Pf.
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Cholinergic Control of Goal-Directed LearningSantini et al., 2009; Valjent et al., 2011). In untreated rats, we
have recently described a persistent phosphorylation of the
Ser240-244 phospho-pair of S6rp specifically in CINs of different
striatal regions (Bertran-Gonzalez et al., 2012) (Figure 2F), prob-
ably reflecting the intrinsic translational tone of these neurons
(Ruvinsky and Meyuhas, 2006). Accordingly, in rats with unilat-
eral PF lesions, we detected a reduction in the phospho-
Ser240-244 signal in CINs in the pDMS ipsilateral to the lesion
compared to those in the contralateral pDMS, F (1,49) =
42.573, p < 0.001, (Figures 2G, left). This effect was not observed
in CINs in the adjacent dorsolateral striatum (DLS) (Figure 2G,
right) F (1, 48) = 1.046, p = 0.312. Together, these results suggest
that the functional activity of CINs in the pDMS is heavily regu-
lated by the parafascicular thalamus via the thalamostriatal
projection.156 Neuron 79, 153–166, July 10, 2013 ª2013 Elsevier Inc.Loss of Parafascicular Control of Striatal Cholinergic
Activity Does Not Affect Initial Goal-Directed Learning
Having established that cytotoxic lesions of the Pf alter the
function of CINs in the pDMS, we next assessed the effect of
these lesions on goal-directed learning. We first examined
whether Pf lesions affected initial encoding and retrieval of
action-outcome associations, and then whether they affected
the ability to encode changes in those action-outcome associ-
ations. Rats were first given bilateral NMDA-induced lesions of
the Pf or sham lesions (cf. Figures 3B and 3J). They were then
food deprived and trained to press two levers on random ratio
schedules of reinforcement, one delivering food pellets and
the other a sucrose solution (Figure 3A). Rats quickly learned
to press the levers and increased their performance as the ratio
requirement increased. Statistical analysis showed that Pf
Neuron
Cholinergic Control of Goal-Directed Learninglesions had no effect on acquisition (Figure 3C); there was no
main effect of group, no group 3 acquisition interaction (all
Fs < 1), and both the Sham, F (1,10) = 13.82, p = 0.004, and
the Pf group, F (1, 10) = 14.34, p = 0.004, linearly increased re-
sponding across training sessions. Pf lesions also had no effect
on goal-directed behavior, as evaluated using sensory-specific
satiety to devalue one or other instrumental outcome. Specif-
ically, rats were given unrestricted access to either the pellets
or sucrose for 1 hr followed by a choice extinction test in which
both levers were available but no outcomes delivered. This test
provides a direct assessment of the action-outcome associa-
tions encoded during training (cf. Balleine and Dickinson,
1998); if rats encoded specific lever press-outcome associa-
tions during training and integrated these with the current value
of the two outcomes, they should have reduced their
performance of the devalued action relative to the nondevalued
action on test. We observed an outcome devaluation effect
of similar magnitude in both Sham and Pf-lesioned rats (Fig-
ure 3D), suggesting that action-outcome encoding was intact
in the Pf group. There was a main effect of devaluation,
F (1, 10) = 15.08, p = 0.003, but no main effect of group,
F (1, 10) = 0.14, p = 0.71, and no group 3 devaluation interac-
tion, F (1, 10) = 0.38, p = 0.376.
Parafascicular Control of Striatal Cholinergic Activity Is
Necessary to Encode Changes in the Action-Outcome
Contingency
Next, we examined the ability of Pf rats to adjust to a change in
the action-outcome contingency. First, we assessed their sensi-
tivity to a programmed reduction in the contingency on one lever
from a positive contingency (around 0.05) to a zero contingency
(see Figure 3A) (Balleine and Dickinson, 1998). Sham-lesioned
rats adjusted to this change in contingency; as is clear from Fig-
ures 3E and 3F, they reduced their performance on the
degraded action both during degradation training when the out-
comes were delivered (Figure 3E) and in an extinction test (Fig-
ure 3F). In contrast, Pf-lesioned rats failed to adjust to the
change in contingency and performed both actions equally dur-
ing training and the test. Statistical analysis revealed no main
effect of group, F (1, 10) = 0.17, p = 0.69, but a main effect of
degradation, F (1, 10) = 5.01, p = 0.049, and a group3 degrada-
tion interaction, F (1, 10) = 6.62, p = 0.028. Simple effects re-
vealed that, whereas the Sham group reduced performance of
the degraded action, F (1, 10) = 9.92, p = 0.01, the Pf group
did not, F (1, 10) = 0.07, p = 0.801. Similar results emerged
from the extinction test, i.e., no main effect of group,
F (1, 10) = 0.26, p = 0.621, but an effect of degradation,
F (1, 10) = 10.78, p = 0.212, and a group 3 degradation interac-
tion, F (1, 10) = 8.32, p = 0.016. Simple effects found the Sham
group differed on the degraded and nondegraded levers,
F (1, 10) = 16.3, p = 0.002, whereas the Pf group did not,
F (1, 10) = 0.1, p = 0.763.
To confirm that the Pf lesion affected the rats’ ability to
encode the change in contingency, and not simply the reduc-
tion in a positive contingency, we retrained the rats on the initial
contingencies and then reversed the relationship between the
actions and outcomes, i.e., the action that delivered sucrose
now delivered pellets, whereas the action that delivered pelletsnow delivered sucrose (Figure 3A). Both the Sham and the Pf
groups performed similarly during the training phase on these
new action-outcome contingencies (Figure 3G) and, statisti-
cally, although there was a main effect of linear acquisition,
F (1, 10) = 4.72, p = 0.041, there was neither an effect of group,
F (1, 10) = 0.23, p = 0.638, nor a group 3 acquisition interac-
tion, F (1, 10) = 0.03, p = 0.87. Next, we assessed whether
the rats encoded the new action-outcome contingencies using
two tests: (1) an outcome devaluation test, as described above,
and (2) a test of outcome-selective reinstatement (Ostlund and
Balline, 2007). We used these two tests because they allowed
us to compare the ability of the rats to use action-outcome
information both to decrease and to increase the selection of
a specific action in the choice tests conducted in extinction.
The results from the devaluation test are presented in Figure 3H
and from the outcome-selective reinstatement test in Figure 3I.
In marked contrast to the devaluation test conducted after the
initial learning (cf. Figure 3D), after reversal the rats in the Pf-
lesioned group responded similarly on the two actions and
were unable to choose appropriately when one of the two out-
comes was devalued (Figure 3H). In contrast, the sham rats
responded appropriately, reducing performance of the action
most recently associated with the now devalued outcome.
Statistical analysis supported these observations, revealing a
main effect of group, F (1, 10) = 11.56, p = 0.007, and of deval-
uation, F (1, 10) = 5.98, p = 0.035, and, critically, a significant
group 3 devaluation interaction, F (1, 10) = 12.91, p = 0.005.
Whereas the Sham group showed a reliable devaluation effect,
F (1, 10) = 15.63, p = 0.003, the Pf group did not, F (1, 10) =
0.79, p = 0.394. These results imply that the PF rats were unable
to perform in a manner consistent with either prior or new
associations.
After the devaluation test, the rats were retrained on the
reversed contingencies and then both lever press actions were
extinguished over 15 min for the outcome-selective reinstate-
ment test. For this test rats received four reinstatement trials
before each of which a single outcome was delivered. After
each outcome, delivery responding during the next 2 min was
recorded (i.e., the postoutcome period) recorded (Figure 3A).
Performance in the final 2 min of extinction and prior to each
of the reinstatement trials served as the pretest period. As is
clear from Figure 3I, the Sham group reinstated performance
of the action most recently associated with the delivered
outcome (i.e., Post-reinst) relative to the other action (Post-
other). In contrast, both actions were reinstated in the Pf-
lesioned group in an undifferentiated manner. Accordingly,
although there was no effect of group, F (1, 10) = 0.8, p =
0.392, responding on the reinstated action relative to the other
action differed between groups; in the sham group, the increase
in responding was specific to the reinstated lever, F (1, 10) =
11.68, p = 0.007, whereas in the Pf group, it was not and was
similarly distributed between the two levers, F (1, 10) = 0.99,
p = 0.343.
Together, the contingency degradation, devaluation, and
outcome-specific reinstatement tests confirm that Pf-lesioned
rats were unable to use action-outcome information to guide
instrumental performance after the initial contingencies were
altered.Neuron 79, 153–166, July 10, 2013 ª2013 Elsevier Inc. 157
Figure 4. Disconnection of the Thalamostriatal Pathway Confirms Parafascicular Involvement in Action-Outcome Learning in the Posterior
Dorsomedial Striatum
(A) Rat Nissl-stained sections showing anatomical disconnection through unilateral pDMS and Pf NMDA excitotoxic lesions (sham and contralateral groups
shown).
(B–K) Mean or percentage baseline rate of lever pressing (±1 SEM) during: acquisition of initial action-outcome contingencies averaged over levers (B), outcome
devaluation testing (C), acquisition of contingency degradation (D), contingency degradation testing (E), acquisition of the reversed contingencies (F), outcome
devaluation testing of the reversed contingencies (G), reinstatement of reversed contingencies (H), and minimal (black) and maximal (gray) lesions in the Pf and
posterior DMS (I). Lesion side was counterbalanced; and reversal acquisition (J) and outcome devaluation (K) after Pf-aDMS disconnection are shown. See also
Figure S1.
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Parafascicular Involvement in the Cholinergic Control of
Action-Outcome Learning in the Striatum
Although our initial results imply that the effects of Pf lesions on
action-outcome encoding and retrieval were secondary to their
effects on cholinergic activity in striatum, we sought to confirm
this more directly in two further experiments in which we discon-
nected the Pf from the pDMS using (1) asymmetrical lesions and
(2) pharmacological blockade of cholinergic activity. The logic
behind disconnection experiments is straightforward (Everitt
et al., 1991): if the Pf and pDMS are functionally connected,
then, for example, combining a unilateral Pf lesion with a unilat-
eral lesion of the pDMS in the contralateral hemisphere should
disconnect these structures and disrupt this function. Hence,
for this experiment, we compared a group that received contra-158 Neuron 79, 153–166, July 10, 2013 ª2013 Elsevier Inc.lateral (Contra) Pf and pDMS lesions with a group that received
ipsilateral (Ipsi) lesions of these structures, inducing the same
degree of cell loss while preserving the Pf-DMS pathway in the
one hemisphere. To evaluate any impairment in the Ipsi group,
a Sham control was also included. Representative lesions are
shown in Figure 4A and schematically in Figure 4I.
After recovery from surgery, we conducted a direct replication
of the behavioral procedures previously described, the results of
which are presented in Figure 4. As is clear from this figure, the
effect of the disconnection was similar to that induced by bilat-
eral Pf lesions. First, note that no differences were found
between the two control (Sham and Ipsi) groups throughout
this experiment, so we averaged across these two groups for
statistical analyses. As with bilateral Pf lesions, no effect was
observed on initial acquisition of instrumental performance
Neuron
Cholinergic Control of Goal-Directed Learning(Figure 4B; there was an effect of linear acquisition, F (1, 21) =
125.32, p = 0.001, but not of group, F (1, 21) = 3.79, p = 0.065,
and no interaction, F (1, 21) = 2.32, p = 0.143). Further, each
group was similarly sensitive to outcome devaluation after initial
training and adjusted their choice performance in the extinction
test toward the nondevalued action (Figure 4C). Statistical anal-
ysis found an effect of devaluation, F (1, 21) = 54.82, p = 0.001,
but no effect of group, F (1, 21) = 0.05, p = 0.82, and no interac-
tion between these factors, F (1, 21) = 0.84, p = 0.36.
Rats were then retrained and assessed for their sensitivity to
contingency degradation. As is clear from Figures 4D and 4E,
although the sham and ipsilateral control groups were both
sensitive to degradation, rats given the disconnection, i.e.,
Group Contra, were not. Specifically, Groups Sham and Ipsi
selectively reduced responding on the degraded lever during
both training (Figure 4D) and test (Figure 4E), whereas Group
Contra responded similarly on both levers, clearly maintaining,
or even mildly continuing to increase, performance on both ac-
tions across the sessions of degradation. In the analysis of
degradation training data (Figure 4D), we found a main effect
of group, F (1, 21) = 13.73, p = 0.004, and of degradation,
F (1, 21) = 18.27, p = 0.001, and, importantly, a significant
group 3 degradation interaction, F (1, 21) = 7.86, p = 0.011.
Simple effects analyses reveal that this interaction consisted of
a degradation effect (i.e., nondegraded > degraded) in both the
Sham, F (1, 21) = 6.92, p = 0.016, and Ipsi, F (1, 21) = 21.1, p =
0.001, groups but no degradation effect (i.e., nondegraded =
degraded) in Group Contra, F (1, 21) = 0.03, p = 0.86. Similar
analysis of the test data (Figure 4E) again found no main effect
of group, F (1, 21) = 0.01, p = 0.934, a main effect of degradation,
F (1, 21) = 16.43, p = 0.001, and a group 3 degradation interac-
tion, F (1, 21) = 5.60, p = 0.028, with simple effects showing a
significant effect of degradation in the Sham, F (1, 21) = 4.41,
p = 0.048, and Ipsi, F (1 21) = 20.37, p = 0.001, groups but not
in the Contra group, F (1, 21) = 0.17, p = 0.684.
Group Contra was similarly impaired after reversal of the
instrumental contingencies. Again, the lesions did not signifi-
cantly affect performance on the levers during retraining on the
reversed contingencies (Figure 4F); there was a main effect of
linear acquisition, F (1, 21) = 22.71, p = 0.001, but no effect of
group, F (1, 21) = 1.43, p = 0.245, and no group 3 acquisition
interaction (F < 1). Nevertheless, the ability of the rats in Group
Contra to retrieve the new contingencies on test was significantly
impaired: Group Sham and Group Ipsi both showed a significant
outcome devaluation effect (i.e., nondevalued > devalued),
whereas Group Contra responded similarly on both levers
(Figure 4G). Statistical analysis revealed no effect of group,
F (1, 21) = 0.7, p = 0.412, but an effect of devaluation,
F (1, 21) = 4.71, p = 0.042, and a group 3 devaluation interac-
tion, F (1, 21) = 4.40, p = 0.048; whereas the Sham, F (1, 21) =
5.10, p = 0.035 and Ipsi groups, F (1, 21) = 3.84, showed reliable
devaluation effects, the Contra group did not, F (1, 21) = 0.211,
p = 0.651. In the outcome-selective reinstatement test (Fig-
ure 4H), Group Sham andGroup Ipsi both showed selective rein-
statement but Group Contra did not. There was no effect of
group, F (1, 21) = 0.38, p = 0.545, a main effect of responding
in the pre versus post periods, F (1, 21) = 12.61, p = 0.002; how-
ever, the postoutcome reinstatement was specific to the leverassociated with that outcome only in Group Sham, F (1, 21) =
6.81, p = 0.016, and Group Ipsi, F (1, 21) = 6.1, p = 0.022,
but was divided equally between levers in Group Contra,
F (1, 21) = 0.17, p = 0.898. The impairments observed in Group
Contra here echo those previously observed as a result of
bilateral Pf lesions.
Disconnection of the Thalamostriatal Pathway Reduces
CIN but Not MSN Activity
To confirm the effect of the Pf lesions on CIN function in the
pDMS, we examined p-Ser240-244-S6rp intensity in ChAT-immu-
noreactive neurons in the intact pDMS in rats drawn from the
Sham, Ipsi, and Contra groups perfused immediately after the
reinstatement test. To assess specificity, we also compared
p-S6rp intensity in ChAT-immunoreactive neurons in the dorso-
lateral striatum (DLS) in these groups. The results of these
analyses are presented in Figures 5A, 5B, and 5C. As is clear
from these figures, different levels of p-S6rp intensity in the
pDMS were observed among groups: p-S6rp signal was signifi-
cantly reduced in CINs from Group Contra (the disconnection
group) compared to CINs from both Group Ipsi and Group
Sham (the controls), based on the quantification presented in
Figures 5B and 5C (F (1, 9) = 17.54, p < 0.001). These differences
were specific to the pDMS and, as observed previously (cf. Fig-
ure 2G), were not observed in the DLS; F (1, 9) = 0.32, p = 0.587.
Using brain sections from the same experiment, we further
examined whether the Pf lesion principally affected CINs in
the pDMS, or whether the medium spiny neurons (MSNs) in
this region were affected as well, based on the proportion of
Pf glutamatergic inputs to MSNs and the complex regulation
of MSNs by the Pf (Ellender et al., 2013). We took advantage
of the phospho-Thr202-Tyr204-extracellular regulated kinase
1/2 (phospho-ERK1/2) detection in the striatum, a method
shown to reliably reflect neuronal activation in MSN popula-
tions (Bertran-Gonzalez et al., 2008; Shiflett and Balleine,
2011a, 2011b). Confocal analysis of phospho-ERK1/2 revealed
considerable levels of activation in the pDMS of all groups (Fig-
ure 5D, top), and this activation principally occurred in MSNs,
as shown by colocalization with DARPP-32 immunostaining
(Figure 5D, bottom) (Matamales et al., 2009). Importantly,
whereas the levels of ERK1/2 activation in the pDMS did not
differ between Sham and Ipsi groups, F (1, 21) = 0.414, p =
0.527, a significant increase of activated MSNs was observed
in the group Contra, F (1, 21) = 4.565, p = 0.045 (Figure 5E).
Moreover, we detected very few phospho-ERK1/2 neurons in
the DLS (Figure 5F), in line with the more critical role of the
pDMS relative to the DLS in the context of goal-directed action
(Shiflett et al., 2010).
These data suggest that the expected decrease of Pf glutama-
tergic input to the pDMS had a direct effect on the activity of
CINs but did not produce a similar effect on MSNs. Rather, it
resulted in an increase in MSN activity, most likely due to the
loss of the general inhibitory effect of CINs on striatal MSNs.
The effect of Pf lesions on MSN activation reported here sup-
ports the recently described neuromodulatory nature of these
specific projections (Ellender et al., 2013) and points to the
importance of the Pf-CIN synapses in controlling striatal pro-
cesses (Ding et al., 2010; Threlfell et al., 2012).Neuron 79, 153–166, July 10, 2013 ª2013 Elsevier Inc. 159
Figure 5. Parafascicular Thalamic Lesions Predict CIN but Not MSN Activity in Posterior Dorsomedial Striatum of Goal-Directed Rats
(A) High-magnification confocal images showing p-Ser240-244-S6rp intensity in ChAT-immunoreactive neurons of the intact pDMS of sham, ipsilaterally, or
contralaterally lesioned rats immediately after reinstatement test. A 16 pseudocolor palette (Lookup Table, LUT) highlights the intensity of p-S6rp fluorescence
(display range: 0–4,096).
(B and C) Quantification of p-Ser240-244-S6rp signal in all ChAT-immunoreactive neurons of posterior dorsomedial (DMS; B) and dorsolateral (DLS; C) striatal
territories of the different groups. In scatterplots, each dot corresponds to one neuron.
(D) Confocal images showing double immunofluorescence of phospho-Thr202-Tyr204-ERK1/2 (red) and DARPP-32 (green) in the pDMS of rats treated as in (A).
(E and F) Quantification of phospho-Thr202-Tyr204-ERK1/2 in pDMS (E) and adjacent DLS (F) in the same rats.
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DMS Does Not Affect New Goal-Directed Learning
In a separate group of rats, we investigated whether the impair-
ments we observed after Pf-pDMS disconnection were specific
to the posterior DMS, or whether disconnection of the Pf from
anterior DMS (aDMS) would produce a similar effect. It is well
known that the Pf projects to both the aDMS and pDMS
(Descheˆnes et al., 1996), and a previous study observed an
increase in acetylcholine in aDMS as rats learned new stim-
ulus-outcome associations in a place task (Brown et al., 2010).
The Pf-aDMS pathway, however, appears not to be required to
learn new action-outcome contingencies; we found that rats
with contralateral Pf and aDMS lesions showed intact initial
learning (Figure S1) and, unlike the pDMS disconnection, also
showed intact outcome devaluation (Figure 4G) and outcome-
specific reinstatement (Figure S1) after the reversal of the
action-outcome contingencies (Figure 4G; Figure S1). Statistical
analysis showed that the lesion had no effect on reversal training
(F < 1) and, on test, that there was an effect of devaluation
(nondevalued > devalued), F (1, 13) = 8.69, p = 0.011, but no
group 3 devaluation interaction, F < 1.160 Neuron 79, 153–166, July 10, 2013 ª2013 Elsevier Inc.The results of this experiment suggest, therefore, that the
thalamostriatal pathway connecting the Pf and aDMS does not
play a role in either initial learning or the acquisition of new
goal-directed actions and confirm, therefore, that the findings
following disconnection of the Pf-pDMS pathway on new
learning are specific to that pathway. This is consistent with
the argument that the Pf alters the functional role of cholinergic
interneurons specifically in the pDMS to enable the encoding
of new action-outcome associations.
Reduction in Cholinergic-Activity in the pDMS Using the
M2/M4 Agonist Oxotremorine-S Replicates the Effect of
Pf–pDMS Disconnection on Goal-Directed Learning
The observed effects of Pf lesion on CIN function in pDMS sug-
gests that the observed behavioral effects of bilateral Pf and
contralateral Pf-pDMS lesions are most likely regulated by
alterations in CIN function in pDMS. This experiment sought to
determine this directly. We capitalized on previous findings
showing that activation of the muscarinic M2 autoreceptor,
highly expressed with high specificity on the membrane of
CINs (Hersch et al., 1994), inhibits the function of these cells
Figure 6. Reduction in Cholinergic Activity
in the DMS Using the M2/M4 Agonist
Oxotremorine-S Replicates the Effect of
Pf-DMS Disconnection on Goal-Directed
Learning
(A) High-magnification confocal images showing
ChAT and M2-muscarinic receptor (M2R) immu-
noreactivities.
(B) Top: a representative raw trace showing inhi-
bition of spontaneous action potential firing in a
cholinergic interneuron by oxotremorine (Oxo-S,
1 mM) and tetrodotoxin (TTX, 100 nM) in the
presence of synaptic blockers—picrotoxin (Ptx,
100 mM), CNQX (10 mM), and APV (100 mM). The
bars above indicate time periods of drug applica-
tions. Concentration of scopolamine (Scop) was
3 mM. Bottom: expanded time periods of the top
trace during various drug applications, with the
first on the left being at basal condition. All
recordings were done in brain slices.
(C) Within-individuals quantification of
p-Ser240-244-S6rp signal in striatal ChAT-immuno-
reactive neurons after exposing counterbalanced
hemisections to 1 hr control/Oxo-S (1 mM)
incubation. Each dot corresponds to one neuron;
each color corresponds to a different animal.
(D) Rat Nissl-stained section showing unilateral
canulation for Oxo-S or vehicle infusion into
the DMS.
(E–J) Mean or percent baseline rate of lever
pressing (±M1 SEM) during: acquisition of initial
action-outcome contingencies averaged over
levers (E); outcome devaluation testing (F);
acquisition of the reversed contingencies, lever
press responding (left), and magazine entries
(right) (G); outcome devaluation testing of the
reversed contingencies (H); reinstatement of
reversed contingencies (I); and minimal (black)
andmaximal (gray) lesions in the Pf (J). Lesion side
was counterbalanced.
(K) Cannula placements in the posterior DMS.
Placement side was counterbalanced.
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Oxotremorine-S (Oxo-S), has been shown to increase the traf-
ficking and expression of M2 receptors on the membrane of
CIN and to inhibit the function of these neurons (Bernard et al.,
1998; Ragozzino et al., 2009). In this study, therefore, we
coupled a unilateral Pf lesionwith the infusion of Oxo-S or vehicle
into the contralateral pDMS during the training of the reversed
contingencies as described in previous studies.
Prior to the experiment, we first confirmed the previously
reported expression of M2 receptors (M2Rs) on the membrane
of CINs using immunohistochemistry and, second, the influenceNeuron 79, 153–of Oxo-S on the firing of isolated CINs
in vitro. As shown in Figure 6A, we found
clear evidence for the localization of
M2Rs on themembrane of ChAT-positive
neurons in the pDMS as previously
reported (Bernard et al., 1998). For the
electrophysiological studies, we took300 mm coronal sections through the pDMS and used cell-
attached recordings to assess the effect of Oxo-S on activity
of CINs identified as described previously. We confirmed that
the pharmacological effects were probably due to postsynapti-
cally expressed muscarinic receptors by synaptically isolating
recorded neurons through application of a cocktail of glutama-
tergic and GABAergic synaptic blockers (CNQX, AP5, and picro-
toxin), a treatment that does not affect CINs’ intrinsic firing (Ben-
nett and Wilson, 1999; Bertran-Gonzalez et al., 2012). As shown
in Figure 6B, we found that Oxo-S produced a clear silencing of
action potentials recorded from these neurons in a manner166, July 10, 2013 ª2013 Elsevier Inc. 161
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toxin (TTX) and that the effect was reversed by the muscarinic
antagonist scopolamine. Finally, to confirm the effect of Oxo-S
on the activity of CINs, we assessed the Ser240-244 phosphoryla-
tion signal of S6rp in CINs in viable brain slices that had been
incubated with Oxo-S for 1 hr compared to the contralateral
hemispheres taken from the same animal and that were incu-
bated for 1 hr without Oxo-S (Control). Again, a clear reduction
in activity of the CINs exposed to Oxo-S was observed; the
phosphorylation signal of S6rp was significantly reduced in
Oxo-S-incubated hemisections as compared to control hemi-
sections (Figure 6C; F (1, 109) = 17.27, p < 0.001).
We next gave two groups of rats unilateral lesions of the Pf and
implanted guide cannulae aimed at the contralateral pDMS (see
Figures 6D, 6J, and 6K) and gave them instrumental training on
the initial action-outcome contingencies as described previ-
ously. Acquisition of lever pressing was similar to that previously
observed (Figure 6E) and we confirmed that both groups
encoded the initial action-outcome associations using an
outcome devaluation test (Figure 6F), finding a main effect of
devaluation, F (1, 12) = 59.05, p < 0.001, but neither an effect
of group, F (1, 12) = 1.61, p = 0.229, nor a group 3 devaluation
interaction, F (1, 12) = 0.01, p = 0.918. Subsequently, we
retrained the rats for four sessions on the new, reversed contin-
gencies. Prior to each session of training on the new contin-
gencies, rats were given an infusion of either Oxo-S or vehicle
into the pDMS (Figure 6D). Although there was a clear trend for
Oxo-S tomildly reduce lever pressing during these sessions (Fig-
ure 6G), statistically, the groups did not differ, F (1, 12) = 4.08, p =
0.066. Furthermore, lever press rates during these sessions were
robust and the linear increase in performance was similar to
vehicle-infused rats, suggesting that acquisition was otherwise
normal. After training, we again gave outcome devaluation and
outcome-selective reinstatement tests, conducted drug free. In
these tests, intra-pDMS infusions of Oxo-S during training pro-
duced a clear deficit in new action-outcome encoding: rats
that received these infusions pressed both levers at similar rates
on test, whereas rats given intra-pDMS infusions of vehicle
showed a reliable outcome devaluation effect (nondevalued >
devalued; Figure 6H). Statistical analysis found no main effect
of group, F (1, 12) = 0.25, p = 0.623, but a main effect of devalu-
ation, F (1, 12) = 11.46, p = 0.005, and a group 3 devaluation
interaction, F (1, 12) = 6.18, p = 0.029. Simple effects showed
that the vehicle-infused group respondedmore on the nondeval-
ued than the devalued lever, F (1, 12) = 17.23, p = 0.001, whereas
the Oxo-S infused group did not, F (1, 12) = 0.41, p = 0.536. In the
outcome-selective reinstatement test, rats that received intra-
pDMS infusions of vehicle showed selective reinstatement
(reinstated > nonreinstated, postoutcome delivery), whereas
rats given the Oxo-S during training showed nonselective
reinstatement (reinstated = nonreinstated). Statistical analysis
of the test performance revealed no effect of group, F (1, 12) =
1.32, p = 0.404, an effect of pre- versus postreinstatement,
F (1, 12) = 37.27, p = 0.001, but this postreinstatement increase
in responding was specific to the reinstated lever only for the
Vehicle group, F (1, 12) = 5.35, p = 0.039, and was similarly
distributed on the two levers in the Oxo-S group, F (1, 12) =
1.81, p = 0.203. The results from the devaluation and reinstate-162 Neuron 79, 153–166, July 10, 2013 ª2013 Elsevier Inc.ment tests were, therefore, similar to those observed after
bilateral Pf lesions or disconnection of the Pf from the DMS, sug-
gesting that the behavioral effects were induced by changes in
CIN function in the pDMS.
DISCUSSION
The current series of experiments found that manipulating the
thalamostriatal pathway to influence cholinergic function in the
posterior dorsomedial striatumdid not affect the initial acquisition
of goal-directed actions but strongly attenuated the rats’ ability to
encode new action-outcome contingencies involving those
actions. Rather than affecting new learning specifically, we found
that the deficit in cholinergic function had amore profound effect,
inducing interference between both new and existing action-
outcome encoding in the pDMS. As noted above, adapting to
changes, temporary or otherwise, in existing action-outcome
contingencies requires animals not just to exploit successful solu-
tions to decision problems but also to explore alternative solu-
tions. Inorder todoso,however, it is necessary that existingmem-
ories be interlaced with new learning in a manner that reduces
interference between them, otherwise the new, the existing, or
indeed both new and existing learning could be lost. The current
experiments suggest this latter outcome is induced by a decre-
ment in striatal cholinergic function. Thus, our results suggest
that cholinergic activity, mediated by the CINs in the pDMS,
serves the function of interlacing new goal-directed learning
with existing plasticity to reduce interference between them.
The primary evidence for these claims comes from the pattern
of behavioral effects induced by treatments affecting cholinergic
function, i.e., the effects of lesioning the inputs to the CINs, and
the disconnection of these inputs from their target in the pDMS,
either by asymmetrical lesion or oxotremorine infusion. These
treatments induced robust interference in the encoding of
action-outcome contingencies, but only after changes in these
contingencies were made. Thus, bilateral lesions of the Pf or
disconnection of the Pf from the pDMS rendered the rats insen-
sitive to contingency degradation, an effect that was not due
simply to a loss in general activity; performance was maintained
throughout degradation training and, indeed, appeared, if
anything, to increase across sessions after the disconnection
treatment. Nor were these effects produced by a failure to attend
to the change in contingency, as might be proposed on an atten-
tional theory of cholinergic function (Matsumoto et al., 2001). If
this were true, although the new learning might have been lost,
initial learning, which was demonstrably intact prior to the
change in contingency, should have been unaffected. However,
when a positive contingency was maintained but the identity of
the action-outcome associations was reversed, impaired cholin-
ergic function did not simply result in the failure to encode the
new learning but resulted in the inability to express either the
old or the new learning, leaving the rats unable to choose based
on either contingency.
Finally, this interference was produced both in tests involving
outcome devaluation, which necessitate a selective reduction
in the performance of an action based on the change in value
of its associated outcome, and in tests assessing outcome-
selective reinstatement, which generates a selective elevation
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outcome during extinction. In both tests, the ability of rats in
the control groups to choose between the two actions was sub-
stantial and respected the most recently trained contingencies,
whereas choice was indifferent in the groups for whom the
thalamostriatal pathway and attendant striatal cholinergic func-
tion were compromised. However, in neither the devaluation
nor the reinstatement tests was this indifference due merely to
a failure to choose; the overall rate of choice performance
summed across both actions during these tests was generally
similar to the controls, particularly in the reinstatement tests.
It is also important to note that the effect of the change in con-
tingency was not due to an interaction with the pretraining treat-
ment; posttraining inactivation of the CINs using oxotremorine
had a similar effect when introduced only during new learning
after the initial training phase was complete. Indeed, this similar-
ity in the effects of the lesion- and oxotremorine-induced
disconnection suggests that the source of the effects of both
treatments was probably similar. In addition to their expression
on CINs, however, M2 receptors are also expressed on cortical
terminals (Ding et al., 2010; Goldberg et al., 2012) and so, in addi-
tion to inhibiting acetycholine release at the CINs, oxotremorine
can also suppress glutamate release and ongoing motor
behavior (Hersch et al., 1994). Nevertheless, although oxotre-
morine differed from the Pf lesion by mildly suppressing instru-
mental performance during training, the overall similarity in the
effects of these treatments both behaviorally and onCIN function
suggests that it was the latter influence of the drug, rather than its
effect on cortical terminals, that was functionally themore critical
in the current study.
The Thalamostriatal Pathway and Instrumental
Conditioning
The current results suggest that the thalamostriatal pathway
contributes to new goal-directed learning through its projections
specifically to the posterior, and not the anterior, DMS during
instrumental conditioning. We found that this pathway largely
governs CIN activity, as demonstrated by clear changes in activ-
ity in, and the pharmacological correlates of, the disconnection
procedure. Nevertheless, it is important to recognize: (1) that
the effects of Pf manipulation could be mediated by indirect
thalamostriatal connections and, more critically, (2) that any
effects of altered CIN function can only be manifest through
changes in projection MSN activity, in this case, changes in the
segregation of plasticity at the MSNs after new learning. Indeed,
in animals perfused right after expressing goal-directed behav-
iors, we found evidence of enhanced neuronal responses in
MSNs when the Pf projections had been interrupted. These
results cannot be explained by a loss in the direct drive of canon-
ical glutamatergic inputs onto MSNs, as Pf denervation would
reduce, rather than increase, activity on these neurons. Instead,
our observations support more recent views of how the Pf inputs
modulate striatal function. In a recent study, Ellender et al. (2013)
demonstrated heterogeneity in the regulation exerted by inputs
from different types of thalamostriatal afferents on MSNs. In
particular, they highlighted the modulatory nature of the inputs
provided by specific parafascicular afferents for long-term plas-
ticity, which contrasted with the excitatory influence of adjacentcentrolateral afferents. Generally, therefore, although requiring
further study, growing evidence supports the major involvement
of parafascicular-cholinergic synapses in the regulation of stria-
tal function (Ding et al., 2010; Threlfell et al., 2012).
From this perspective, during goal-directed learning, striatal
CINs in the pDMS do not serve a simple attentional or arousal
function as has been proposed in other task situations (Dalley
et al., 2008; Robbins and Roberts, 2007), although the thalamos-
triatal pathway as a whole could be described as serving a
related function by regulating the ‘‘bottom-up’’ activation of
CINs within the striatal network (Ding et al., 2010; Kimura et al.,
2004). Certainly the connectivity of the Pf is consistent with this
kind of role, with many of its afferent inputs coming from reticular
and sensory thalamic areas (Groenewegen andBerendse, 1994).
This suggestion ignores, however, the substantial inputs from
motor areas including motor cortex and pedunculopontine
tegmentum andmotivational areas such as the amygdala central
nucleus and parabrachial nucleus (Cornwall and Phillipson,
1988). Indeed, together with a number of recent behavioral find-
ings, these inputs to the Pf have suggested to some researchers
the view that, together with other modulators of CINs in striatum,
the thalamostriatal pathway may generate an internal context,
producing, broadly, a ‘‘context for action’’ based on temporal,
sensory, and motivational factors (Apicella, 2007; Kimura et al.,
2004). On this account, the Pf-pDMS pathway functions to pro-
vide a distinct context on which specific action-outcome associ-
ations become conditional.
This contextual control hypothesis of thalamostriatal function
is attractive not only because it is consistent with the modulatory
function of acetycholine but also because ‘‘contextual’’ or
‘‘state’’ cues of this kind have long been advanced as the
simplest solution to the computation problems presented by
the need to encode changes in contingency (French, 1991,
1999). Indeed, conditional control of this kind, although adding
computational complexity, may be what allows new and existing
learning to be spatially and temporally segregated (French,
1999), something that should be expected to become far more
important after contingencies change. Furthermore, within the
broader corticobasal ganglia network, the Pf, as part of the
thalamostriatal pathway, has long been considered a ‘‘loop
nucleus’’ because it projects to the striatum and receives inputs
from the substantia nigra pars reticulata and so forms part of an
internal modulatory loop running parallel to the larger cortico-
basal ganglia loops (Parent and Hazrati, 1995). Structurally,
therefore, this pathway would appear well situated to monitor
and to switch between cortical inputs to the striatum based on
changes in well-predicted external contingencies (Kimura
et al., 2004). Indeed, the recent suggestion that striatal CINs
may form a recurrent inhibitory network anticipates context- or
state-specific plasticity of this kind, with each CIN potentially
modulating a distinct region of corticostriatal plasticity under
the control of the thalamostriatal pathway (Sullivan et al., 2008).
State Prediction Errors and Cholinergic Function
At a formal level, contextual or state cues of this kind have
emerged as a critical component of computational models of
goal-directed action derived from model-based reinforcement
learning (Daw et al., 2005). Such cues are argued to exertNeuron 79, 153–166, July 10, 2013 ª2013 Elsevier Inc. 163
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tion error when changes in such control occur. Model-based
reinforcement learning uses experienced state-action-state
transitions to build a model of the environment by generating
state prediction errors produced by any discrepancy induced
by a state transition based on the current estimates of state-ac-
tion-state transition probabilities (Gla¨scher et al., 2010). The
notion of state prediction errors is in contrast with that of reward
prediction errors derived from temporal difference models of
learning (Sutton and Barto, 1998) that have been shown to reli-
ably correlate with the phasic action of midbrain dopamine neu-
rons (Schultz and Dickinson, 2000). However, reward prediction
error is negligible, particularly in the reversal experiments in the
current series; the animal is expecting one outcome and receives
another, which creates an error signal but one that is unrelated to
rewarding prediction per se (the amount of reward earned is un-
changed). This kind of signal is consistent with recent sugges-
tions that CINsmay participate in a form of prediction error signal
in the DMS during reversal of previously learned contingencies
(Apicella et al., 2011). Indeed, similar studies assessing predic-
tion errors in, what are at least nominally, instrumental condition-
ing tasks have found that TANs (putative CINs) preferentially
encode prediction errors to situational events rather than reward
(Apicella et al., 2011; Stalnaker et al., 2012). Taken together, the
effect of impaired pDMS CIN function on contingency degrada-
tion and the learning of new, but not initial, action-outcome con-
tingencies is consistent with a deficit in computing reductions in
state prediction errors that lead to reductions in contingency
knowledge (see Supplemental Information).
Whatever the role of CINs in conditional control, the current
data suggest that the thalamostriatal pathway and its influence
on CINs are critical for encoding changes in the instrumental
contingency. Although this pathway does not appear to play
any direct role in encoding action-outcome associations (this pa-
per) or in striatal LTP (Bonsi et al., 2008), it appears to be essen-
tial for ensuring the integration of learning about changes in the
instrumental contingency with existing learning in a manner
that preserves both forms of plasticity. This is in line with the gen-
eral behavioral finding that prior instrumental learning is pre-
served in the face of changes in contingency (Rescorla, 1991,
1996) and provides a mechanism for this preservation.
EXPERIMENTAL PROCEDURES
Full details of the experimental procedures are provided in the Supplemental
Experimental Procedures.
Subjects
For the behavioral studies, male Long-Evans rats, weighing between 300–380 g
at thebeginningof theexperiment,wereusedassubjects.Forelectrophysiology
experiments, male Long-Evans rats between 5 and 6 weeks old were used,
weighing between 120–150 g. Rats that experienced behavioral training and
testingweremaintainedat85%of their free-feedingbodyweight by restricting
their food intake to between 8and12gof theirmaintenancediet per day. All pro-
cedures were approved by the University of Sydney Ethics Committee.
Behavioral Procedures
Training and Devaluation
Magazine Training. On days 1 and 2, all rats were placed in operant chambers
for 20 min. In each session of each experiment, the house light was illumi-164 Neuron 79, 153–166, July 10, 2013 ª2013 Elsevier Inc.nated at the start of the session and turned off when the session was termi-
nated. No levers were extended during magazine training. We delivered 20
pellet and 20 sucrose outcomes to the magazine on an independent random
time (RT) 60 s schedule.
Lever Training. The animals were next trained to lever press on random ratio
schedules of reinforcement. Each lever was trained separately each day and
the specific lever-outcome assignments were fully counterbalanced. The ses-
sion was terminated after 20 outcomes were earned or after 30 min. For the
first 2 days, lever pressing was continuously reinforced. Rats were shifted to
a random ratio (RR)-5 schedule for the next 3 days (i.e., each action delivered
an outcome with a probability of 0.2), then to an RR-10 schedule (or a proba-
bility of 0.1) for 3 days, and then to an RR-20 schedule (or a probability of 0.05)
for the final 3 days.
Devaluation Extinction Tests. After the final day of RR-20 training, rats were
given free access to either the pellets (25 g placed in a bowl) or the sucrose so-
lution (100 ml in a drinking bottle) for 1 hr in the devaluation cage. The aim of
this prefeeding procedure was to satiate the animal specifically on the prefed
outcome, thereby reducing its value relative to the nonprefed outcome (cf. Bal-
leine and Dickinson, 1998). Rats were then placed in the operant chamber for a
10 min choice extinction test. During this test, both levers were extended and
lever presses recorded, but no outcomes were delivered. The next day, a sec-
ond devaluation test was administered with the opposite outcome. Rats were
then placed back into the operant chambers for a second 10 min choice
extinction test.
Contingency Degradation Procedure
Contingency Degradation Training. During the 6 days of contingency degrada-
tion training, rats continued to receive these same action-outcome pairings on
an RR-20 schedule. In addition, one of the two outcomes (either pellets or su-
crose) was delivered outside of the lever press-outcome contingency, i.e., in
each second that no lever pressing occurred, either sucrose or pellets were
delivered with the same probability (p[outcome/no action] = 0.05) that a lever
press earned that outcome. As a result, the probability of earning one of the
two outcomes was the same whether the animal pressed the lever or not.
The other action-outcome contingency was nondegraded because the rat
was still required to press the lever to receive that outcome. For half of the an-
imals, the lever press-pellet contingency was degraded, and the lever press-
sucrose contingency remained intact. The remaining animals received the
opposite arrangement. Rats were given two 20 min training sessions each
day, one on each lever.
Contingency Degradation Extinction Test. After the final day of contingency
training, rats in both groups received a 10 min choice extinction test. During
this test, both levers were extended and lever presses recorded, but no out-
comes were delivered.
Contingency Reversal Procedure
Contingency Reversal Training. Subsequent to the contingency degradation
extinction test, rats were trained to lever press on an RR-20 schedule with
the previously trained contingencies reversed. That is, the lever that previously
earned pellets now earned sucrose, and the lever that previously earned su-
crose now earned pellets. Contingency reversal training continued for 4 days.
Devaluation Extinction Tests. Devaluation extinction tests took place as
described for outcome devaluation.
Reinstatement Testing. Rats were retrained on the reversed
contingencies on an RR-20 schedule for 1 day. The next day, an
outcome-selective instrumental reinstatement test was conducted. The test
session began with a 15 min period of extinction to lower the rats’ rate
of responding on both levers. They then received four reinstatement
trials separated by 7 min each. Each reinstatement trial consisted of a single
delivery of either the sucrose solution or the grain pellet. All rats received the
same trial order: sucrose, pellet, pellet, sucrose. Responding was measured
during the 2 min periods immediately before (Pre) and after (Post) each
delivery.
SUPPLEMENTAL INFORMATION
Supplemental Information includes one table, one figure, Supplemental Dis-
cussion, and Supplemental Experimental Procedures and can be found with
this article online at http://dx.doi.org/10.1016/j.neuron.2013.04.039.
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